Abstract--Weathered perthite and mixed muscovite-kaolinite from a kaolinitic granite at Trial Hill in east Queensland and kaolinized sericitic alteration from a granite from the Ardlethan Tin Mine of New South Wales were examined by optical, scanning electron (SEM), and transmission electron microscopy (TEM) to determine the alteration process of muscovite to kaolinite and kaolinite to haUoysite (7/~). Muscovite was found intimately interleaved with kaolinite in a variety of proportions on a sub-micrometer scale. The contact was generally parallel to the (001) layers of both minerals, and the thickness of the contact layer alternated between 10 and 7 A over short distances. Where the kaolinite to muscovite contact was at an acute angle to the muscovite layers, a small angle existed between the layering of the two phases, consistent with a topotactic alteration of muscovite to kaolinite. One tetrahedral sheet in the muscovite appeared to have been removed over 50-100/~, converting a 10-ik layer to a 7-~ layer. The mica near the contact with kaolinite was easily damaged in the electron beam and showed AI loss during analytical transmission electron microscopy; thus, H30 + probably substituted for K + in this transitional phase.
INTRODUCTION
Kaolinite and halloysite are common products of granite weathering and hydrothermal alteration. A mineralogical method for distinguishing between these two processes would be useful for mineral exploration and for interpreting geological history. The major body of work on the morphology of these two kaolin-group minerals is that of Keller and Hanson (1975) , Hanson et al. (1981) , and Keller (1982) . The relation between the composition and morphology of halloysite was examined by Tazaki (1981) and Tazaki and Fyfe (1987) . The mechanism for curling of haUoysite was recently reviewed by Bailey (1989) .
The literature contains little information about the paragenesis of kaolinite and halloysite in weathering.
The granite has weathered below a pre-Pliocene latcritic surface, which was later uplifted. A small valley was cut into this surface and was subsequently filled with debris-flow sediments and tin-bearing gravels (Robertson, 1990) . The whole was later capped by the Pliocene-Pleistocene Nulla Basalt. Additional speeimens of intimately mixed muscovite and kaolinite were collected from the middle benches of the Ardlethan Tin Mine of New South Wales in a zone of unusually deep weathering (40 m).
Textural relations were investigated optically, and microprobe analyses, using both a Technische Physische Dienst energy-dispersive and a Cameca wavelength-dispersive electron microprobe, were made on polished thin sections prepared in kerosene. Small specimens of various textural types were removed from the section and studied by X-ray powder diffraction using a Debye-Scherrer camera. The morphology of the clay was examined on a Cambridge scanning electron microscope, equipped with an energy-dispersive X-ray analytical system.
For TEM, Ar-ion-beam-milled specimens, mounted on copper grids and coated with carbon, were viewed on the JEOL 100 CX and 200 CX electron microscopes, using accelerating voltages of 100 and 200 kV respectively, in the Research School of Chemistry at the Australian National University. Analytical electron microscopy (AEM) was carried out on a Philips 430 AEM at the Research School of Earth Sciences, using a cold stage and an accelerating voltage of 300 kV. Specimen heating was kept to a minimum by analyzing as large an area as possible and by using beam astigmation (about 500 x 1500/~) on elongated phases.
The clay minerals were identified by TEM and AEM using the following criteria: (1) Muscovite, kaolinite, and halloysite have approximately equal AI:Si atomic ratios, muscovite also contains potassium. (2) Muscovite shows 10-/~ fringes and/or a 10-~ electron diffraction pattern viewed parallel to (001) . (3) Kaolinite shows straight 7-/~ fringes and a 7-/~ electron diffraction pattern if viewed parallel to (001). (4) Halloysite (7/~) shows a spiral or tubular structure, a 7-/~ ring electron diffraction pattern, and no diffraction fringes. No halloysite (10,~) was identified.
Both kaolinite and muscovite exhibited mottled diffraction contrast. Mottled diffraction contrast is the electron microscopic analogue of the "watered-silk" optical birefringence so common in phyllosilicates, although it has a slightly different origin. It is due to a variation in contrast from a slightly wavy phyllosilicate oriented approximately parallel to (001), in which adjacent regions deviate slightly from the ideal Bragg orientation. This mottled diffraction-contrast effect is shown by both kaolinite and muscovite, but not by halloysite, which is not sufficiently ordered crystallographically (either inherently or after electron beam exposure) to develop mottled diffraction contrast. Both kaolinite and halloysite damaged rapidly in the electron beam, halloysite damaging the more readily. Halloysite spirals, however, did not change significantly in either shape or curvature during electron beam exposure until catastrophic damage occurred.
RESULTS

Optical microscopy
Weathered granite from the Trial Hill Tin Mine. Specimens of mixed muscovite, kaolinite, and halloysite were selected for TEM study from a white, highly kaolinized granite. The kaolinite was, in part, stained yellow-brown by iron oxides. It also contained a very small amount of illite. Large, composite grains of angular and in part sutured, strained quartz, 0.4-4.0 mm in size, and irregular remnants of potassium feldspar were noted in a complex kaolinitic groundmass. Quartz was the only completely unaltered mineral. Anhedral, brown, clouded potassium feldspar showed Carlsbad twinning, cleavage, and a perthitic structure. It had a rather undulose extinction and consisted of domains separated by kaolinite. Only the potassium feldspar component (mb3_smn0Or95_97) of the original perthite remained. The plagioclase component of the perthite had been completely converted to extremely fine grained, very low birefringent clay ( Figure 1A )
In contrast, plagioclase crystals of the granite, which were recognized by their gross morphology, had been completely weathered and pseudomorphed by fine-and coarse-grained kaolinite ( Figure 1B) . The fine-grained kaolinite (0.005-0.1 mm) formed patches 0.5--4.0 mm in size, having a matted fabric and grey birefringence. It coexisted with distorted stacks, books, and mats of a coarser-grained mixture of kaolinite and muscovite (0.05-1.0 ram). The kaolinite-muscovite mixture was also of two types: one was a texturally uniform material ( Figure 1C) , having a birefringence which ranged gradationally from dark-grey to first-order yellow. The other consisted of thin, but optically discrete layers of extremely low birefringent clay, interleaved with platey, highly birefringent (second-order blue-green) muscovite. The contact between these two minerals was sharp. Locally, the clay formed wedges between muscovite cleavage plates ( Figure 1D ).
Weathered granite from the Ardlethan tin mine. The rock was pale-grey and had a granitic fabric. In thin section, this specimen consisted of shards of coarsegrained, strained, sutured quartz, set in a groundmass of sericite and smaller quartz fragments. Patches and bent flakes of muscovite and chlorite were present in the matrix, coexisting with and interleaved with opaque minerals. Patches of very fine grained sericite and some kaolinite were present as fragments and contained flakes of muscovite. The matrix consisted of coarser-grained kaolinite, sericite, and opaque minerals. Optical micrographs of kaolinite and mica in weathered granite, Trial Hill Mine: (A) very fine grained halloysite (mh) that has completely replaced plagioclase in vein perthite (kf) (plane polarized light); (B) plagioclase crystal replaced by kaolinite and flecked with coarse-grained kaolinite and muscovite (crossed polarizers); (C) elongated book of intimately mixed but optically uniform kaolinite and muscovite (kin) set in fine-grained kaolinite (k) (plane polarized light); (D) book of muscovite (m) wedged apart by very fine grained kaolinite (k) (crossed polarizers). Scanning electron micrographs of feldspar pseudomorphs, weathered granite, Trial Hill Mine: (E) partly pseudomorphed vein perthite; mesh of halloysite rods (mh), after plagioclase of vein perthite, surrounded by an etched microcline lacework (kl); (F) plagioclase pseudomorph; halloysite rods, some with planar sides (hr) and kaolinite plates (k), some with attached halloysite rods (ar).
Microprobe analyses
Microprobe analysis of the different kaolinite phases from the Trial Hill weathered granite showed a variety of compositions. The kaolinized component of the perthite and the kaolinized plagioclase had the average structural formulae given in Table 1 . In each, the Si/ A1 atomic ratios were greater than unity, the expected value for pure kaolinite (average 1.08). Microprobe analyses of the mixed kaolinite-mica, which occurred as inclusions in the pseudomorphs of the separate plagioelase phase ( Table 2 ), showed that the weakly birefringent type ranged widely in both 1(20 (0.22-5.85%) and Fe203 (0.43-6.23%). The birefringence seemed related to iron but not to potassium. Analyses of kaolinite interleaved with muscovite are given in Table 3 . The Si/AI atomic ratios are also all greater than unity (average 1.19). The muscovite of the weathered granite (Table 4 , specimens MJ6 and M J9) may be compared with muscovites of the underlying fresh granite (specimen MJ 10). The Si/A1 ratio ranged from 1.29 in fresh muscovite to 1.07 in muscovite from weathered granite, and a range of Fe, Mg, and K contents is apparent for the weathered material.
Scanning electron microscopy
The overall fabric of the altered perthite is shown in Figure 1E . The potassium feldspar is deeply etched and has a delicate lace-like structure. A mesh of randomly oriented halloysite rods, 3 gm in length, was noted pseudomorphic after the plagioclase of the perthite and in veinlets in the etched feldspar. The kaolinized pseudomorphs after plagioclase show an open mesh of plates of kaolinite (2-3 #m in size, identified by qualitative microprobe analysis, morphology, and XRD data) set with randomly oriented rods of halloysite (1-3/zm long x 0.1 #m wide). Stereo-imaging of the halloysite rods revealed that they had polygonal, not circular, cross-sections and fiat faces parallel to their long axes. Some had a central void. Many halloysite rods lay on the kaolinite plates, and the two appeared to be attached (Figure 1 F) . Examination of further detail was limited by the resolution of the SEM
Transmission electron microscopy
The various clays derived from different feldspar phases at the Trial Hill Tin Mine and the mixed kaolinite-muscovite material from the Ardlethan Tin Mine were each examined by TEM. The clay mineral Perthite-TrialHill. The potassium feldspar, identified by its electron diffraction pattern, was unaltered. It showed a smooth, slightly curved edge against the completely altered plagioclase perthite component, now clay ( Figure 2A ). This clay component consisted entirely of randomly oriented, rolled tubes of halloysite of 0.08-0.15 ~m cross section and 0.5/~m length. Most showed polygonal cross sections (Figures 2A-2D ), though a few were oval ( Figures 2B and 2C ) or in part oval ( Figure  2C ). All showed hollow centers ( Figures 2A-2D ), and many showed wedge-shaped voids near the angles of the polygons ( Figure 2A ). Longitudinal sections generally showed a central void ( Figures 2B and 2D ). The halloysite was very readily damaged by the electron beam ( Figures 2C and 2D ). Although the halloysite was recognized on morphological grounds, its slightly granular ring diffraction pattern showed typical reflections at 7.2, 4.4, 3.6, and 2.6/~. Although some halloysite rods had tube-like cross sections, many had cross-sections represented by irregular polygons ranging from triangles to octagons. Both the frequency of occurrence of these shapes and the angles subtended by the polygons were examined statistically from a large number of electron micrographs and are compared in Figure 3 . The most cornmon angles group around 120 ~ The occurrence of the most common angles is strongly correlated with the occurrence of the most common shapes, i.e., pentagons and hexagons.
No platey kaolinite was seen in the weathered perthire, although some parts of halloysite longitudinal and cross sections showed patches of mottled diffraction contrast where the halloysite section was particularly straight and where the cross-sections were invariably polygonal, rather than tubular (Figure 2A ).
Kaolinized plagioclase--Trial Hill. Electron diffraction patterns of weathered plagioclase from Trial Hill show either oriented kaolinite and randomly oriented halloysite or interleaved muscovite and kaolinite. Diffraction patterns of the mixed kaolinite-muscovite showed that kaolinite was slightly fanned, whereas muscovite was not. Strong streaking in the k = 2 row on Ok/electron diffraction patterns indicated stacking disorder in one of the materials, presumably the kaolinite.
The kaolinite and muscovite phases were interleaved as discrete packets (Figures 7 and 10B) . Narrow, dark strips of muscovite, showing mottled diffraction contrast, lay within and parallel to layers of kaolinite. Some of the kaolinite occurred in vermiform stacks, with partings at 0.05-0.15-~tm intervals. Halloysite rods were present in voids between the kaolinite books and stacks. Figure 5 (upper) ). The most common forms of the halloysite spirals are irregular pentagons and hexagons; less-common are quadrilaterals and triangles. Wedge-shaped gaps in the halloysite occur at or near the kink points, the whole resembling a rolled newspaper. In places the halloysite rods have smoothly curved, oval, or circular cross-sections,
The TEM morphology supports in detail the SEM observations (above) of polygonal halloysite rods having a central void, and kaolinite platelets having polygonal halloysite rods attached to their surfaces (shown diagramaticaUy in Figure 5 (lower)).
Low birefringent mixed kaolinite-mica booklets--Trial
Hill. Kaolinite-mica booklets were noted containing rolled tubes of halloysite and showing slightly fanned kaolinite layers. Only a few muscovite diffraction patterns were obtained, although some images of the sheetlike kaolinite show small wisps of remnant muscovite (10-,~ fringes). Flakes of kaolinite at the edge of a void or in a split in the kaolinite packet were detached from Hydration of kaolinite to halloysite has occurred at points along a kaolinite crystal. At these points halloysite curls. Intervening kaolinite relics provide localized rigidity, so a polygonal spiral develops. As these relics are progressively consumed, the halloysite curls smoothly. (Lower) Italloysite sNral developed on and attached to a kaolinite plate, by rolling up part of the plate. Compare with (ar) in Figure 1F .
the main body of kaolinite ( Figure 6A ) and are curled into rolled, irregular, polygonal halloysite rods ( Figures  6B and 6C) . Here, simple spiral halloysite structures were particularly evident. If the diffraction patterns indicated kaolinite and very minor muscovite, the corresponding images were principally of kaolinite (which rarely showed fringes because of beam damage). This kaolinite lay parallel to and included muscovite, which makes up at most a third of the whole--generally much less. Both kaolinite and muscovite show mottled diffraction contrast. Some images show muscovite layers grading to kaolinite layers along (001) (or vice versa) (Figure 7) . The kaolinite patches of low to moderate birefringence contain less included muscovite, compared with kaolinite having a higher birefringence.
Halloysite is relatively rare in this material and occurs either at the ends of the phyllosilicate books, in which the kaolinite structure is frayed and wispy, or ( Figure 6D ) in partings in the phyllosilicate.
Intergrown kaolinite and highly birefringent muscovite-Trial Hill.
The electron diffraction patterns of intergrown kaolinite and highly birefringent muscovite indicate kaolinite, muscovite, and halloysite. The muscovite k = 2 layer reveals a 20-ik (2-layer) spacing and some very slight streaking in both the k --2 and the [001] rows, indicating the 2M1 polymorph, with minor stacking disorder and possibly variation in basal spacing. The images show two separate morphologies--platey and tubular. The platey phyllosilicate consisted of muscovite, showing mottled diffraction contrast and 10-• fringes, some of which pass into 7-A kaolinite fringes. Because of damage to the kaolinite, only a few images were obtained that showed the fringes of the two phases in contact. The contact invariably closely paralleled (001) of both minerals, with the fringes changing spacing in a stepwise manner. Although, in general, the dominant muscovite occupied large zones, locally the muscovite and kaolinite were intimately mixed. Long strips of relict muscovite, which here comprised <5% of the whole, showed 10-,~ fringes, which deeply penetrated the kaolinite. In many locations, the muscovite was only two or three fringes wide, but continued for a considerable distance. Fringes along the contact pinched and swelled along their length, one 10-A layer of muscovite locally collapsed to a 7-/~ kaolinite structure and then returned to 10-/~ layer further along. Lensoid voids, 0.01 tzm wide and 0.1 ~m long, separated the structure at 0.05-#m intervals in an en echelon pattern. In other parts, slightly fanned, sheet-like kaolinite occurred alone, showing mottled diffraction contrast.
Halloysite was most common at the ends of books of kaolinite, near voids. Here, the mottled diffraction contrast of the kaolinite crystal ended abruptly, and the packet became curved and sheaf-like ( Figure 6E ), Figure 6 . Transmission electron micrographs of halloysite structures in weakly birefringent mixed kaolinite and muscovite booklets: (A) small parting in mottled diffraction contrasted kaolinite, containing halloysite spirals; remnant kaolinite (mottled diffraction contrast) occurs in linear parts of halloysite spirals; (B and C) small, simple halloysite polygonal spirals showing about 410 ~ and 220 ~ of spiral rotation respectively; in B the halloysite spiral is attached to straight kaolinite; (D) tight halloysite spiral in parting in kaolinite; (E) kaolinite (dark, mottled diffraction contrast) largely altered to halloysite (lacking mottled diffraction contrast), which, in turn, has bent and formed sheaves where space was available; (F) halloysite tube containing relics of muscovite (10-/~ structure) and attached wisps of a 14-~ structure in the void between halloysite tubes. interpreted as the transition to halloysite. Elsewhere, some 10-,~ layers, only a few fringes in width, extended from the kaolinite structure into the halloysite sheaf ( Figure 6F ). A few whiskers of a 14-~ structure were noted between the halloysite rolls and sheaves.
Tubular halloysite was relatively scarce. In places the kaolinite structure appeared split, and rolls of halloysite occurred in the voids. The haUoysite showed the familiar polygonal cross-sections, ranging in size from 0.05 to 0.35 #m. In Figure 8A , several halloysite rolls, showing well-developed spiral cross sections, can be seen among the kaolinite packets. The diffraction pattern from the layers of kaolinite in contact and continuous with the halloysite (showing 7.1-and 4.4-~ reflections) indicates that the long axis of the halloysite roll was parallel to the X-axis of the kaolinite, shown diagramatically in Figure 8B . The halloysite rolls exhibited triangular, quadrilateral, pentagonal, oval, and circular cross sections.
AEM analyses of areas of unaltered muscovite, platey kaolinite, and their derived tubular halloysite, all showed reasonable compositions, although some were slightly low in A1 relative to Si (Table 5 , Figures 9A  and 913) . Areas of muscovite (identified from 10-/~ latflee fringes and mottled diffraction contrast) close to the transition region to kaolinite consistently showed a marked depletion in A1 relative to Si (Table 5 , reaching an AI:Si atomic ratio as small as 0.2). Successive 20-s analyses of such areas showed a steady drop in the intensity of the A1 ( Figure 9C ) and K characteristic X-ray emission with time, indicating mobilization of these elements in the electron beam. The successive analyses showed little variation in total counts for Si. Such regions only approximated the stoichiometry of mica if they were analyzed immediately after the region was moved into the electron beam. Even taking a photograph was sufficient to remove some AI and K, despite using a beam current less than that used for nanoprobe analysis. This loss of A1 during analyses may also explain the slightly low A1 content relative to stoichiometry in the kaolinite and halloysite ATEM and microprobe analyses.
Mixed kaolinite and muscovite--Ardlethan Tin Mine.
The kaolinite showed a sharp diffraction pattern with some very light streaking in the [00l] row, indicating some layer thickness disorder. This layer thickness disorder was confirmed by images that showed numerous splits in the structure and layer terminations. Diffraction patterns of the muscovite showed a 20-/~ layer spacing in the k = 2 layer of the Okl plane, with only very slight streaking, suggesting a small amount of stacking disorder and a 2M1 muscovite polymorph.
In places, packets of muscovite, 0.1 z m wide, were noted in contact with packets of kaolinite. The contact was sharp, linear and parallel to (001) ( Figure 10A Figure 10B ). Parts of the image were only just sufficiently sharp to show triple 3-Zk structure image layers in the muscovite and double layers in the kaolinite, although slight changes in orientation make interpretation of the contact zone difficult. The change in layer spacing from one mineral to the other took place over 50-100 A along (001). One of the mica 3-A fringes became weak and eventually faded out at the contact, suggesting that one layer of muscovite transformed to Figure I0 . Transmission electron micrographs showing: (A) detail of boundary between kaolinite and muscovite; single fringes alternate from 10 to 7/~ along this contact; both phases show mottled diffraction contrast; (B) muscovite and kaolinite in oblique contact; boundary between kaolinite and muscovite lies at an acute angle to the muscovite layering, and fringes in each phase are not quite parallel. 
INTERPRETATIONS AND CONCLUSIONS
Weathering of the granite at Trial Hill has led to complete alteration of the plagioclase phase of the perthite to spiral halloysite tubes, whereas the potassium feldspar phase has been etched but is otherwise intact. The separate plagioclase, which originally contained muscovite patches, was altered to a very fine grained mat of platey kaolinite and some halloysite, set with patches of a coarse-grained mixture of kaolinite-muscovite.
These materials showed the alteration of muscovite to kaolinite and kaolinite to spiral halloysite and demonstrated the mechanism of formation of halloysite spirals and tubes. The variability of electron microprobe analyses indicated that compositional variation in the product minerals was finer than the diameter of the area of X-ray emission (5 #m).
Beam damage and electron probe analysis
Some electron microscope studies of mineral alteration have shown that the interface between primary and secondary minerals is susceptible to beam damage. Veblen and Buseck (1980) reported that, in complex biopyriboles, the region at the end of "zippers" tends to damage more quickly than the rest of the sample. In their study of the alteration of biotite to chlorite, Eggleton and Banfield (1985) noted rapid electron beam damage at edge dislocations in biotite and at narrow chlorite lamellae in host biotite. Spinnler (1985) , quoted by Wicks and O'Hanley (1988) , found that antigorite was more susceptible to beam damage at the points of inversion of the tetrahedral sheet.
The rapidly damaging mica of the present study suggests an early phase of alteration, not shown by the image or diffraction pattern, which made the mica susceptible to the electron beam. This mica was probably K-deficient, with H30 + substituted for the lost K +, based on the following: (1) AEM analyses of the electronbeam-susceptible muscovite in this study always indicated K-deficiency relative to stable, unaltered muscovite. (2) Banfield and Eggleton (1988) and Wang (1988) concluded from detailed electron microscopy of biotite weathering that the first step in that alteration is the loss of K from alternate biotite interlayers. (3) Dioctahedral phyllosilicates are apparently decreasingly stable in an electron beam in the order muscovite > montmorillonite > kaolinite > halloysite (upublished work in this laboratory). This Sequence is one of increasing (OH) or H20, suggesting that the replacement ofK + by a30 § may have rendered the mica less stable.
Transformation of muscovite to kaolinite
As suggested above, the first stage in the alteration of muscovite was the partial substitution ofK § by H30 +. If dissolution produced voids, some muscovite then appears to have transformed to smectite, as indicated by the observed increase in the interlayer spacing from 10 to 14 ~k in the voids between kaolinite and halloysite.
In the absence of void space, the TEM images of the contact between muscovite and kaolinite indicate that the transformation was topotactic, with each 10-Tk muscovite layer being transformed to a 7-A kaolinite layer. Generally, the contact between the two phases was parallel, or very nearly so. Some contacts were inclined at a very acute angle to the layering, and here the layers in the kaolinite were no longer parallel to the layers in the muscovite. Such a low-angle boundary might be expected to have resulted from the volume loss and consequent collapse, if a 10-~ structure converted to a 7-A structure.
The geometric conditions for transformation of one layer of muscovite to one layer of kaolinite were tested against alternate hypotheses. With reference to Figure  11 B, if the contact between the two phases is inclined at angle ff to the layering in the muscovite, then the two triangles ABC and ADC have a common hypotenuse, AC. The angle between the muscovite layers and the discontinuity, if, and the angle between the kaolinite and the discontinuity,/~, must have the relationship: sin B = (7 sin if)/10. From this relationship, the angle /3 may be calculated for a transformation of a single 10-~ layer of muscovite to a single 7-,~ layer of kaolinite, where angle ~ is 6.3 ~ (measured from the photomicrograph). From the above relationship, angle should be 4.4*. The actual value of B, measured from the same photomicrograph, is 4.8", a very close agreement.
To test alternate hypotheses, similar calculations were made on the basis of a transformation of one layer of muscovite to two layers of kaolinite and two layers of muscovite to one layer of kaolinite. Theoretical values for B of 8.9 ~ and 2.2 ~ were obtained, respectively, which are significantly different from the actual value of 4.8 ~ . Thus, the hypothesis of transformation of one layer of muscovite to one layer of kaolinite is supported by geometric considerations.
Transformation of kaolinite to halloysite
SEM and, particularly, TEM evidence from several mixed kaolinite and halloysite materials, all derived from weathering of different feldspars at Trial Hill, indicates that platey kaolinite converted to spiral halloysite rods. The process appears to have been initiated by a loss of structural rigidity at points along the kaolinite crystal, interpreted as hydration to halloysite. At these points the mixed grain began to curl. During the early parts of this process remnants of kaolinite, indicated by mottled diffraction contrast within the halloysite, provided a localized rigidity, which restricted curvature and caused the halloysite to curl into rods having a spiral, polygonal cross section. Because the relict kaolinite was also progressively altered, this rigidity was lost and the rods converted to those with circular or oval cross sections. Dissolution and reprecipitation of halloysite at a later stage may have resulted in separate halloysite rods having an annular cross section.
The full paragenesis of the alteration of kaolinite to halloysite is best illustrated by the clay pseudomorphs after plagioclase and the intergrown kaolinite and birefringent muscovite from Trial Hill. Although no kaolinite plates were found in the clay pseudomorphs after perthitic plagioclase, linear parts of polygonal halloysite spirals, which showed mottled diffraction contrast, strongly suggest that kaolinite was a precursor. Perthitic clays, however, showed a spectacular variety of halloysite cross sections. Tazaki (1981) noted a correlation between tubular halloysite morphology and a low iron content, highiron halloysites tending to spherical structures. The low iron content of the halloysite of Trial Hill and the kaolinite from which it was derived, match well with Tazaki's low-iron, tubular halloysite.
If muscovite alters to kaolinite, the collapse of the muscovite structure should produce a volume decrease of about 30%. This process could have given rise to the observed lenticular voids and partings, leaving space for the kaolinite to become fanned, and allowing access of fluids for hydration of kaolinite to halloysite. Sufficient space would then have been available for halloysite to curl into spiral tubes. Conversely, where voids are lacking, there would be less fluid access, and, even if hydration had taken place, halloysite tubes would not have formed, due to a lack of freedom to curl. Where the plagioclase of a perthite has been altered, only halloysite rods and no platey kaolin occur. The relatively rigid structure of the relict potassium feldspar may have locally resisted collapse of the surrounding saprolite and provided abundant open space for ingress of water and freedom for halloysite spiral development.
